INTRODUCTION
There are very few studies on the microbial degradation of individual fatty acids in sewage (for a relevant review see Harp, 1979) . Moreover, there are no systematic studies on microorganisms that can utilize fatty acids as sole sources of carbon and energy. The objectives of the present paper were to provide this information and to investigate the influence of fatty acids on the lipid composition of the micro-organisms utilizing them. Particular emphasis has been placed on the production of arachidonic acid (20:4) by fatty acid utilizing organisms.
METHODS
Fatty acids. Caprylic (8 : 0), myristic (1 4 : 0), palmitic (16 : 0), stearic (1 8 : 0) and oleic (1 8 : 1) acids were purchased from Merck. Sodium salts of these fatty acids were prepared by saponification with NaOH following established procedures (Christie, 1973) .
Biodegradation offatty acids. Suspensions of a garden soil sample and a desert soil sample were prepared by shaking 1 kg of each sample in 1 1 sterile water for 15 min. After standing for 1 h, the supernatant was decanted and 100 ml samples were dispensed into 500 ml Erlenmeyer flasks. For control experiments, flasks containing soil suspensions were sterilized by autoclaving at 120 "C for 20 min. Each flask was provided with 100 mg of a fatty acid or its sodium salt and incubated at 30°C. Flasks were assayed after 6, 12 and 24 weeks to detect any undegraded fatty acids. Suspensions that had received sodium salts of fatty acids were first acidified with 6 M-HCl to release the fatty acids. Undegraded fatty acids were recovered by extracting three successive times with diethyl ether. The recovered fatty acids were dried, weighed and tested for purity by TLC.
Isolation offatty acid utilizers. Micro-organisms capable of utilizing fatty acids as sole sources of carbon and energy were isolated on a basal medium supplemented with 250 mg 1-l of one fatty acid (dissolved in diethyl ether, which was evaporated leaving the acid dispersed in the medium) or its sodium salt. The fatty acids remained insoluble in the medium whereas the sodium salts were soluble, but only at neutral to alkaline pH values. The basal medium contained (1-l): 1.0 g KH,PO,; 3.0 g NaCl; 0.25 g MgS0,.6H20; 1.0 g NaHCO,; 0.5 g (NH,),SO,; 1.Og KNO,; 0.25g CaC12.HzO; 0.1 mg FeS0,.7H20; 0.1 mg CuS0,.5H20; 0.1 mg ZnC12.6H,0; 0-5 mg t 
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MnC12 .4H20; 0.01 mg MOO,; 5.0 mg H,BO,; 0.01 mg A12(S04),. 14H20; 100 mg CoSO,. H 2 0 ; I00 mg NiC12. 6H20; 25 mg KI; 500 pg thiamin; 500 pg calcium pantothenate; 100 pg folic acid; 500 pg pyridoxin; 500 pgp-aminobenzoic acid; 500 pg nicotinic acid; 50 pg inositol; 20 pg vitamin B1 ; 1.0 pg biotin; and 20 g agar.
The pH was adjusted to either 7.0 or 5.5 to favour bacteria and fungi, respectively. Incubation was at 30 "C. It was confirmed that each isolate could not grow on the basal medium in the absence of the respective fatty acid or its salt. Fungal isolates were identified by consulting Booth (1971) , Raper & Fennel1 (1977) , Pitt (1979) and Domasch et af. (1980) . Extraction and analysis of lipids. Micro-organisms were grown in the basal medium containing the individual fatty acids or their sodium salts (1 g 1-l) under continuous shaking at 30 "C. Mycelia were harvested by filtration after 10 d and washed three successive times with boiling water to remove attached material and inactivated lipases. Total lipids were extracted three successive times from the mycelia with chloroform/methanol(2 : 1, v/v) and purified as described by Folch er af. (1957) . As a rule, boiling solvents were used in the first extraction only in order to inactivate any residual lipases (Kates, 1972) . As far as feasible, all steps of washing and extraction were done in an atmosphere of oxygen-free nitrogen. The lipid composition was studied by TLC on layers of silica gel. Nonpolar classes were resolved as described by Mangold & Malins (1960) using the developing solvent hexane/diethyl etherlacetic acid (90 : 10 : 1, by vol.). Polar classes were resolved by two-dimensional TLC using the solvent chloroform/methanol/7 M-ammonium hydroxide (65 : 30 :4, by vol.) in the first direction and chloroform/methanol/acetic acid/water (170 : 25 : 25 :4, by vol.) in the second direction (Nichols, 1964) . The fractionated classes were detected by exposing the plates to iodine vapour or by charring at 220 "C after spraying the plates with 50% (w/v) H2S04. The lipid classes were identified by comparing their chromatographic behaviour with that of authentic samples and by the colour reactions they gave with specific spray reagents (Stahl, 1962; Dittmer & Lester, 1964; Siakotos & Rouser, 1965) . Lipid classes in 1 mg total lipids were resolved by TLC and determined quantitatively by GLC of their acyl moieties, after methanolysis (Chalvardjian, 1964) , using heptadecanoic acid as an internal standard (Radwan, 1978) . The fatty acid methyl esters were analysed using a Pye-Unicam 204 gas-chromatograph fitted with a glass column, 1-83 m x 4 mm i.d., packed with 15% (v/v) diethyleneglycol succinate (DEGS) on Anakrom D, 100-120 mesh. Individual fatty acids were identified by comparing their retention times with those of standard samples. The identity of arachidonic acid (20:4) was confirmed by combined argentation TLC and GLC. The tetraenoic methyl ester fraction, which cochromatographed with standard methyl arachidonate on 10% (w/w) AgNO, impregnated silica gel plates using hexane/diethyl ether (80:20, v/v) as a developing solvent, was scraped off and the methyl esters were eluted (Kates, 1972) and analysed by GLC. Table 1 presents data on the biodegradation of fatty acids and sodium salts of fatty acids added to fresh soil suspensions. In all cases, the sodium salts of fatty acids disappeared more readily than the free acids. Fatty acids and the sodium salts of fatty acids that had been added to sterile soil suspensions were recovered quantitatively after 24 weeks.
RESULTS

Fatty acid biodegradation
Fatty acid utilizing micro-organisms
Direct analysis of fresh desert and garden soil samples showed that they were poor in fatty acid utilizing micro-organisms. However, soil suspensions supplemented with fatty acids or the sodium salts of fatty acids became, after 24 weeks, enriched with fungi capable of utilizing these compounds as sole sources of carbon and energy. The total numbers ranged between 3.0 x lo3 ( & 156) and 3.9 x lo4 ( & 282) propagules ml-l. These fungi are listed in Table 2 . Neither bacteria nor actinomycetes were recorded.
All the fungi listed in Table 2 were unable to grow on the basal medium without the respective fatty acids or their sodium salts.
Eleven isolates were selected for further study, on the basis of showing good growth (in preliminary experiments) on the fatty acids : 14 : 0 (Aspergillus versicolor and Aspergillus oryzae); 16 ; 0 (Aspergillus ustus, Aspergillus fumigatus and Paecilomyces lilacinus); 1 8 : 0 (Fusarium oxysporum and Fusarium sp.); and 18 : 1 (Aspergillus niger, A . ustus, Paec. lilacinus and Penicillium sp.). Utilizers of 8 : 0 showed only poor growth, hence they were not studied further. The optimal concentration of fatty acids and their salts for the growth of all fungi was 10 g I-'. None of the 11 isolates showed strict specificity to the fatty acid or sodium salt of the fatty acid on which it had been isolated. All fungi grew when supplied with 14 : 0,16 : 0, 18 : 0 or 18 : 1 as either free acids or as their sodium salts. They also grew well on glucose; with the exception of A . niger the various isolates grew poorly, if at all, on citric acid (Table 3) . Many isolates could grow over a wide range of pH, tolerating high acidity better than high alkalinity, with their optima between pH 6 and 8 (Fig. 1) . This experiment was done with the water soluble sodium salts of the fatty acids but at acidic pH values the compounds occurred as the water insoluble free acids. Lipid composition of fungi Analysis by TLC showed that in lipid extracts of the 11 fungi grown on fatty acids, but not on glucose, the free fatty acids were the predominant lipid class (Fig. 2) making up 60.7%-91.4% (on glucose only 12.7%-21.1%) of the total lipids. In addition, considerable proportions of triacylglycerols, sterols, phosphatidylcholines and phosphatidylethanolamines were present. Small amounts of phosphatidyl glycerols, phosphatidyl inositols, phosphatidyl serines, ceramide monohexosides and a few unidentified polar compounds were also present in all extracts. 
Constituent faty acids of predominant lipid classes
The fatty acid profiles of the four major lipid classes in the total lipid from the 11 fungi grown on fatty acids are shown in Table 4 . For comparison the fatty acid patterns of the same lipid classes from four representative fungi grown on glucose are also included in this table. It is obvious that the fatty acid patterns varied for the same fungus according to whether it had utilized glucose or a fatty acid. Lipid classes from glucose utilizing fungi contained predominantly 16 :0, 18 : 0, 18 : 1 and linoleic (18 : 2) acids. Only small amounts of linolenic (18 : 3) and arachidonic (20 : 4) acids were present. Lipid classes from the various fungi usually contained variable concentrations of the fatty acids on which they grew. The 16 : 0 utilizing fungi accumulated relatively large amounts of linolenic acid (1 8 : 3) in their phospholipids. In most cases, fungi grown on fatty acids contained in their lipid classes relatively more 20 : 4 than in the same lipid classes from the same fungi grown on glucose. The highest concentrations of 20 : 4 in the major class of fatty acids were recorded in fungi utilizing fatty acids with the shortest chains, namely in the 14:O utilizer A . versicolor and the 16:O utilizer A . ustus. The identity of this polyunsaturated long-chain fatty acid was confirmed using argentation TLC and GLC as described above.
DISCUSSION
Fatty acid utilizing micro-organisms may provide a means of recycling wastes such as waste soap in sewage, since soap consists of fatty acid salts. These studies can also contribute to our understanding of petroleum biodegradation in view of the fact that aliphatic hydrocarbons are first oxidized to the corresponding fatty acids before they are biodegraded (e.g. Alexander, 1977) .
The present paper reports on soil fungi, predominantly Aspergillus spp., that are capable of utilizing C,4, C , , and CI8 fatty acids as sole sources of carbon and energy. Fatty acids with shorter chains do not seem to be suitable substrates for microbial nutrition. It is interesting that the growth yields of fungi on fatty acids were comparable with their growth yields on the conventional carbon source glucose. In our experiments the insoluble fatty acids could be utilized by the fungi only at the relatively small lipid-aqueous-phase interface. It may be expected that more utilization could occur if the fatty acids were emulsified in the medium. The growth of fungi on fatty acids suggests that these compounds are first degraded into C2 units, which are used, through the citric acid cycle, both for energy production and biosynthesis of tr., Trace.
